Abstract: Skeletal muscle formation, growth and repair depend on myoblast fusion events. Therefore, in-depth understanding of the underlying molecular mechanisms controlling these events that ultimately lead to skeletal muscle formation may be fundamental for developing new therapies for tissue repair. To this end, the greatest advances in furthering understanding myoblast fusion has been made in Drosophila. Recent studies have shown that transient F-actin structures, so-called actin plugs or foci, are known to form at the site of contacting myoblasts. Indeed, actin regulators of the WASP family that control the activation of the Arp2/3 complex and thereby branched F-actin formation have been demonstrated to be crucial for myoblast fusion. Myoblast-specific cell adhesion molecules seem to be involved in the recruitment of WASP family members to the site of myoblast fusion and form a Fusion-Restricted Myogenic-Adhesive Structure (FuRMAS). Currently, the exact role of the FuRMAS is not completely understood. However, recent studies indicate that WASP-dependent F-actin regulation is required for fusion pore formation as well as for the correct integration of fusing myoblasts into the growing muscle. In this review, I discuss latest cellular studies, and recent genetic and biochemical analyses on actin regulation during myoblast fusion.
Overview: The cellular and molecular aspects of Drosophila myoblast fusion
At the cellular level, the intercellular fusion of myoblasts is crucial for skeletal muscle formation. Studies in Drosophila have been particularly useful for uncovering key genes involved in myoblast fusion. The Drosophila larva possesses three major muscle types: the somatic body wall muscles, the visceral muscles and the cardiac muscles. Of these three muscle types, only the visceral and the somatic muscles are syncytial. This review focuses on the somatic muscles that have been studied intensively in Drosophila and are analogous to vertebrate skeletal muscles. In Drosophila, there are two types of myoblasts, founder cells (FCs) and fusion-competent myoblasts (FCMs). They become determined during early embryonic development from the somatic mesoderm [1] . Following determination, the larger population of FCMs fuses with FCs that serve as muscle seeds [2] . Subsequent differentiation into distinct muscle types is determined by a transcriptional network [3, 4] .
Muscle formation requires the subsequent fusion of FCMs to a single FC/growing myotube until the final size of the muscle is obtained ( Figure 1A ). The fusion of FCs and FCMs involves cell-recognition, adherence and alignment of myoblasts before the membranes start to breakdown and then finally merge. These events have been additionally characterized on ultrastructural levels by transmission electron microscopy (TEM) studies [5] [6] [7] . Two electron-dense structures have been observed to form at the site of adhering myoblasts ( Figure 1B , i and ii). The paired, electron-dense vesicles, named the pre-fusion complex, align at the site of cell-cell contact ( Figure 1B, i) . The numbers of electron-dense vesicles depend on the plane of section. In serial reconstructions of pre-fusion complexes, up to 50 vesicles have been reported to be distributed among three cells [5] . In single sections, however, 1.4 paired vesicles per pre-fusion complex have been reported [6] . Besides the electrondense vesicles, also electron-dense plaques have been observed on the apposing membranes of adhering myoblasts ( Figure 1B, ii) . The origin of the electrondense vesicles and plaques and their role is currently not known. Interestingly, the electron-dense structures have never been observed together. It has been hypothesized that the electron-dense vesicles appear first and then resolve to give rise to the electron-dense plaques [5] . An alternative hypothesis is that the pre-fusion complex and the plaques might co-exist during membrane fusion [8] . A final key step in myoblast fusion is the vesiculation of the membranes between fusing myoblasts and the formation of several small fusion pores ( Figure 1B, iii) .
At the molecular level, the fusion process is initiated by the receptor binding of myoblast-type specific transmembrane proteins at the surface of the myoblasts. Two such proteins are Duf/Kirre and Rst/IrreC, which act in functional redundancy during myoblast fusion. Both proteins trans-interact heterophilically at the surface of the FC/growing myotube with the FCMspecific protein Sns [9] . In addition to Sns, the FCMspecific protein Hbs can also heterophilically transinteract with Duf/Kirre [10, 11] . Recently, several studies have described the appearance of transient F-actin structures, so-called actin plugs or actin foci at the site of fusion [8, 12, 13] . The actin plugs/foci are spherical, locate across both cell types and are highly dynamic ( Figure 1A ). For example, live imaging data suggest that actin plugs/foci build up to a maximum size of 4.5 µm 2 in approximately 2 minutes and dissolve soon afterwards [13] . Therefore, these findings indicate that one of the major downstream effects of the trans-interaction of Duf/Kirre, Rst/IrreC, Sns and Hbs is the assembly of F-actin at the site of cell-cell contact. The immunohistochemical analyses of the distribution of fusion-relevant proteins in regard to the actin plugs/ foci and the transmembrane proteins add further weight to this assumption: (1) Most of the downstream components co-localize with the actin plugs/foci [12, 13] . (2) The polarized localization of the downstream components depends on cell-cell contact and is lost in duf,rst double and sns single mutants [8, 13] . (3) Duf/Kirre and Sns are distributed in a ring-like pattern at the site of myoblast attachment [8] . Dependent on Duf/Kirre, the Rols7/Ants protein becomes translocated to the growing myotube membrane [8, 10] . Rols7/Ants displays a Duf/Kirre-like distribution and double-labellings with Rols7/Ants and phalloidin strongly suggest that the centre of the adhesion ring between adhering myoblasts contains F-actin [8] . The resulting protein complex has been named the Fusion-Restricted Myogenic-Adhesive Structure (FuRMAS) and is thought to play a pivotal role in membrane fusion [8] .
In this review, the following key questions are explored: (1) What components are involved in actin plug/foci formation during myoblast fusion? (2) What role does actin formation play in myoblast fusion? (3) How are the key components of the actin machinery linked to the transmembrane proteins, e.g. Duf and Sns?
The WASP family regulates branched F-actin formation during myoblast fusion
The dynamic assembly of filamentous actin (F-actin) from monomeric globular actin (G-actin) is tightly controlled by a variety of actin-binding proteins [14] .
A powerful nucleator of actin filaments is thereby the highly conserved Arp2/3 complex that produces branched new filaments from a pre-existing actin network [15, 16] . The Arp2/3 complex is activated by nucleation promoting factors (NPFs) such as members of the Wiskott-Aldrich Syndrome Protein (WASP) family, whereby the C-terminal conserved VCA domain of the WASP family binds to the Arp2/3 complex and induces a conformational change of the Arp2/3 complex. This brings the Arp2 and Arp3 subunit of the complex into close proximity [17] .
The latest genetic studies in Drosophila have revealed that myoblast fusion depends on the WASP family members WASP and SCAR/WAVE [13, 18, 19] . Unlike in vertebrates that have two WASP and three WAVE subfamily members, the fruit fly Drosophila melanogaster has only one WASP and one SCAR protein [20] [21] [22] . In Drosophila, both proteins are maternally contributed and for this reason zygotic wasp and scar single mutants do not display a severe myoblast fusion phenotype. Only embryos that lack the maternal and zygotic activity of WASP [12, 18] and SCAR [13] respectively display strong myoblast fusion defects. Furthermore, in the mesoderm, expression of WASP deletion constructs lacking the A or CA domain causes severe myoblast fusion defects, thereby demonstrating the importance of these two conserved domains for myoblast fusion [18, 19] .
In mammals, WASP is known to form a complex with its interaction partner WIP [23] ; a protein that has also been recently shown to play a role in myoblast fusion in Drosophila [12, 18] . Due to its fusion phenotype, wip has been also named solitary (sltr) and is known as vrp1 in Flybase. Yet, unlike Drosophila WASP that is required for central nervous development and myoblast fusion [18, [20] [21] [22] 24] , Drosophila Vrp1/WIP/Sltr appears to be only essential for muscle formation [12, 18] . Consistent with this observation is the finding that the Vrp1/WIP/Sltr protein is present in FCMs [12, 18] . Although, upon fusion, some of the protein is also visible in the growing myotube [18] . The physical binding of Vrp1/WIP/Sltr to the WASP protein seems to rely on the N-terminal WH2 domains [12] and the C-terminal WASP-binding domain (WBD) [12, 18] of Vrp1/WIP/Sltr since deletion of one of these domains fails to rescue the vrp1/wip/sltr fusion phenotype. This finding is in line with the suggestion that Vrp1/WIP/Sltr is a positive regulator of WASP in myoblast fusion [12, 18] . However, whether Vrp1/WIP/Sltr is sufficient to activate auto-inhibited WASP in Drosophila myoblast fusion remains to be determined.
Drosophila SCAR is known not to be auto-inhibited, but has been suggested to form a complex during Drosophila neurogenesis with Sra-1, Abi, Kette and HSPC300 [24] [25] [26] [27] . To date, only Kette has been implicated to play a role in myoblast fusion. kette interacts genetically with the FCM-specifically expressed gene blown fuse (blow) [28] . However, the precise function of Blow in myoblast fusion is not yet known although upon cell-recognition and adhesion, it becomes recruited to the sites of myoblast fusion [8] where it co-localizes with the actin plugs/foci [13] . Moreover, in kette mutants, SCAR protein expression is reduced and mislocalized [13] . This indicates that Kette is a positive regulator for SCAR in myoblast fusion.
In mammals, it has been proposed that the small Rac-GTPase controls the activity of the SCAR/WAVE complex [16] . The evidence that Drosophila Rac plays a role in myoblast fusion comes from the mesodermal overexpression of dominant-negative, constitutivelyactive Rac [5, 29] , and from the phenotypic analyses of rac1 rac2 double and rac1 rac2 mtl triple mutants [30] .
To determine the exact interplay of the Arp2/3 activators Vrp1/WIP/Sltr-WASP and SCAR-Kette in inducing branched F-actin formation during myoblast fusion, genetic interaction studies were conducted [19, 31] . These studies indicate that WASP and SCAR regulate distinct aspects of myoblast fusion. Analysis of Arp3 wasp double mutants revealed a much stronger phenotype than the single mutants. This observation led to the suggestion that WASP is not required for the initial fusion of a FC to a FCM, but rather that WASP plays a role in subsequent fusion events (Figure 2) . It was previously proposed that fusion takes place in two major waves [32] . During the first fusion wave a single FC fuses with FCMs to form a small syncytial cell ( Figure 1A , i-ii). All subsequent fusion events occur during the second wave ( Figure 1A , ii-iii). Although this two-wave model has been questioned recently [33] , it is the only model to date that is able to explain the phenotypical difference of the distinct null mutants and the double mutants (see Figure 2) . In addition to Arp3 wasp double mutants, scar vrp1 double mutants also show an enhanced myoblast fusion defect, but scar wasp double mutants display a weaker phenotype compared to scar vrp1 double mutants. This observation might indicate that SCAR is required for the initial myoblast fusion step where it might function in genetic redundancy with an additional factor, e.g. Vrp1/WIP/Sltr (Figure 2, i) . WIP has been proposed to act independently of WASP [34] , therefore it is also possible that Vrp1/WIP/Sltr induces actin polymerization independently of WASP during myoblast fusion. Interestingly, compared to wild-type, the actin plugs/foci in scar, kette, rac and wip mutants are approximately double in size and leading to a postulation that these proteins are required for actin dissolution [13] .
Considering that WASP and SCAR both mediate the activation of the Arp2/3 during myoblast fusion, it is not surprising that actin plugs/foci are still present in these mutants. What is amazing is that the actin plugs/foci seem to be even increased in size in the analyzed actin mutants. Hence, it seems that the dissolution of the actin plugs/foci depends on the final fusion of adhering myoblasts [13] . It further raises the question which role actin plug/foci formation plays during myoblast fusion. Finally, double mutant experiments have also suggested that Kette and WASP function antagonistically [19] , so there must be an element of crosstalk between WASP and SCAR during actin polymerization in myoblast fusion (Figure 2, ii) . Double mutant experiments imply that the Arp2/3 complex is differently regulated during these two steps. (i) Initial or first fusion step. The transmembrane proteins Duf and Sns mediate the recognition and adhesion of a single FC with a FCM. At the site of cell-cell contact SCAR induces in both myoblast-types F-actin branching. However, exactly how the SCAR pathway is linked to cell-adhesion is still a subject of debate. Rac, which is known to promote SCAR-induced actin polymerization, is activated by Mbc and might be localized to the membrane by Schizo/Loner in the FC and FCM, respectively. Additionally to Rac, Kette has been postulated to be a positive regulator of SCAR during Drosophila myoblast fusion and is known to interact genetically with Blow. But, whether Kette plays a role during the initial fusion step is not clear yet. In FCMs, Vrp1 might serve redundant function with SCAR. (ii) Subsequent fusions/second fusion step. Again, Duf and Sns mediate the recognition and adhesion of a growing myotube with a FCM. Besides Duf, also the activity of Rols is required in the growing myotube. SCAR might become activated in a similar manner as during the first fusion step. (Note that Schizo is missing in the FCM in ii) due to limited space). However, in addition to SCAR also WASP activity is required for subsequent fusion events. There exists evidence that WASP is only required in FCMs. Moreover, WASP and Kette have been suggested to act antagonistically. This indicates that there is a crosstalk between the SCAR and WASP pathway during the second myoblast fusion step.
Possible roles for Vp1/WIP/Sltr-WASP at the site of myobast fusion
The phenotypic analyses of vrp1/wip/sltr mutant embryos by TEM have produced two different results. The differences might be either due to the different alleles that were examined or due to the different fixations that were used for the TEM study. Kim et al. [12] analysed vrp1/wip/sltr mutant embryos carrying a point mutation in the second WH2 domain of the Vrp1/WIP/Sltr protein resulting in a truncated Vrp1/WIP/Sltr protein and applied high-pressure freeze fixation. These authors observed that fusion in vrp1/wip/sltr mutants is blocked after pre-fusion complex formation and this complex is mislocalized. The authors went on to hypothesize that the pre-fusion vesicles are of exocytic origin and are targeted to the plasma membrane by actin-directed migration through the actin plug/foci, thereby suggesting that the vesicles become actin-coated. In support of their hypothesis, Kim et al. [12] further propose that, in the absence of actin, the vesicles migrate incorrectly.
In contrast, Massarwa et al. [18] applied chemical fixation for their TEM study and analysed a vrp/wip/sltr null allele. The authors find several small fusion pores between an FC/growing muscle and a single FCM in vrp/wip/sltr mutants. Fusion fails to proceed beyond this step. In their studies, a GFP-leakage assay in vrp1/wip/sltr null mutant FCs revealed that cytoplasmatically expressed GFP leaks from FCs into FCMs, demonstrating that fusion pores must have been formed. Moreover, the TEM analysis of the ultrastructural phenotype of vrp1/wip/sltr mutants further correlates with the wasp mutant phenotype in Massarwa et al. [18] ; an observation also confirmed recently [31] .
Thus, it seems that predominant theory to explain Arp2/3-based actin polymerization is that it is required for the enlargement of the small fusion pores, e.g. by removing membrane remnants. In keeping with this mechanism is the finding that Arp3 mutants stop fusion after the formation of a large fusion pore [31] . The finding that Arp3 mutants fail to fuse although a large fusion pore has formed may indicate that Arp2/3 based F-actin formation is also required for the integration of the fusing myoblast into the growing myotube [31] .
Linking intracellular receptor signalling to actin cytoskeleton reorganization
A further intriguing question is how the actin machinery is linked to cell adhesion. In FCMs, there is evidence that the Drosophila SH2-SH3 adaptor protein Crk mediates the Vrp1/WIP/Sltr-WASP pathway by interacting with Sns and Vrp1/WIP/Sltr [12] . In FCs/growing myotubes, two different signalling mechanisms have been proposed that result in the activation and localization of the small Rac-GTPase. The first signalling cascade involves the cytoplasmatic Mbc protein (a homologue of Dock180), a guanine nucleotide exchange factor (GEF) for the small Rac-GTPase [35] . Mbc is further known to act in a complex with Drosophila Elmo [36] . In addition, Mbc was suggested to interact with Rols7/Ants [37] . The second signalling cascade involves the GEF Schizo/Loner. Cell culture assays imply that Schizo/Loner translocates to the membrane in the presence of Duf/Kirre and Rst/IrreC [38] . Furthermore, analysis of schizo/loner mutant embryos revealed that Rac is not properly localized to the site of fusion. Schizo/Loner is an orthologue of mammalian BRAG, which is known to mediate GDP-GTP exchange on Arf6 [39] . In vitro GDP-release assays suggested that Schizo/Loner is indeed a GEF for Arf6. The activation of Arf6 in mammalian cells leads to the activation of Rac [40] . So, the finding that Schizo/Loner activates Arf6 further strengthens the assumption that Schizo/Loner acts via Rac. However, Arf6 mutants were reported not to display a myoblast fusion defect (see Figure S1B -E in [41] ), thereby implying that either Arf6 has a redundant function with another Arf-GTPase or that Arf6 is not a target of Schizo/Loner. Further studies revealed that the actin plug/foci size in schizo/loner mutants is normal, but with more actin plug/foci present, suggesting that Schizo/Loner might regulate fusion independently of actin plug/foci [13] . However, it can also be argued that the increased number of actin plug/foci suggests that Schizo/Loner is at least required for the induction of the plug/foci themselves. Arf-GTPases and their GEFs function in aspects of endocytosis and exocytosis and membrane recycling [42] . During Drosophila CNS development Schizo/Loner has been implicated to regulate ligand presentation [43] . It is possible that during myoblast fusion Schizo/Loner is required either for the targeting or regulation of the cell-adhesion molecules or of components of the actin cytoskeleton machinery. Mbc, Schizo/Loner and Rac are known to be expressed not only in FCs, but also in FCMs [13] . This raises the question as to how they become recruited to the sites of fusion in FCMs. Currently, data to explain how cell-recognition and adhesion lead to the activation of the actin cytoskeleton machinery are scarce, and the underlying mechanism of actin regulation by the receptor-ligand formation of the transmembrane proteins is still not known.
Concluding remarks
During the recognition and adhesion of myoblast FCMs migrate towards the FCs and extend membrane protrusions (filopodia) to make contact with the FCs. It is highly likely that migration and protrusion formation requires the reorganization of the actin cytoskeleton. However, no mechanistic insights into this process have been gained so far. Instead, recent studies have provided new insights into the mechanism of F-actin regulation leading to the fusion of myoblasts. The formation and dissolution of branched F-actin at the sites of cell-cell contact facilitate the fusion process, indicating that both processes play a central role in muscle formation. Myoblast fusion and ultimately muscle formation is tightly regulated and controlled by different actin regulators. The assembly is strongly influenced by WASP and SCAR activity. Yet, some intriguing questions remain. (1) Are WASP and SCAR the only actin regulators required for myoblast fusion or are other known actin regulators also involved in the fusion of myoblasts. Formins and Spire are further actin-nucleation factors that produce unbranched actin filaments. They may either play a role during filopodia formation of myoblasts or during fusion. (2) The actin plug/foci dissolve when myoblast fusion proceeds, suggesting that the actin filaments depolymerize at this stage. ADF/cofilin proteins are known to promote the debranching and depolymerization of actin filaments [44] . However, whether these proteins also play a role in myoblast fusion remains to be investigated. (3) Other questions that remain to be addressed include exploring the underlying mechanism that leads to the formation of small fusion pores as well as determining whether WASP and SCAR are both required after the formation of small fusion pores. Advancing our understanding of these key processes will be of fundamental importance in the field of muscle research.
